Urease and the cytotoxin VacA are two major virulence factors of the human pathogen Helicobacter pylori, which is responsible for severe gastroduodenal diseases. Diffusion of urea, the substrate of urease, into the stomach is critically required for the survival of infecting H. pylori. We now show that VacA increases the transepithelial flux of urea across model epithelia by inducing an unsaturable permeation pathway. This transcellular pathway is selective, as it conducts thiourea, but not glycerol and mannitol, demonstrating that it is not due to a loosening of intercellular junctions. Experiments performed with different cell lines, grown in a nonpolarized state, confirm that VacA permeabilizes the cell plasma membrane to urea. Inhibition studies indicate that transmembrane pores formed by VacA act as passive urea transporters. Thus, their inhibition by the anion channel blocker 5-nitro-2-(3-phenylpropylamino) benzoic acid significantly decreases toxin-induced urea fluxes in both polarized and nonpolarized cells. Moreover, phloretin, a well-known inhibitor of eukaryotic urea transporters, blocks VacA-mediated urea and ion transport and the toxin's main biologic effects. These data show that VacA behaves as a low-pH activated, passive urea transporter potentially capable of permeabilizing the gastric epithelium to urea. This opens the novel possibility that in vivo VacA may favor H. pylori infectivity by optimizing urease activity.
Introduction
Infection by Helicobacter pylori (1, 2) determines an increased incidence of gastritis, gastroduodenal ulcer, and gastric adenocarcinoma and lymphomas in humans. The colonization of the stomach by this microorganism requires complex adaptation processes. Among them, a key feature is acid tolerance allowing the bacterium to cross the stomach lumen (pH [1] [2] and to survive within the mucous layer covering the gastric epithelium (pH range, 1-2 to 6). Cell death by acidification is prevented by a cytosolic urease, which converts urea into ammonia and bicarbonate (1) (2) (3) (4) (5) (6) . These products of urea hydrolysis are also metabolic substrates for H. pylori (7, 8) . The importance of urea availability for H. pylori is confirmed by the presence of an acid-activated passive urea transporter (UreI) in the bacterial inner membrane (9, 10) and by positive chemotaxis of the parasite toward urea (11, 12) .
Besides urease, efficient gastric colonization by H. pylori also requires the cytotoxin VacA (13) . This approximately 88-kDa secreted protein is a major virulence and pathogenic factor, linked to severe gastric tissue damage (14) . In vitro, VacA needs activation by acidic pH pretreatment (15) and induces cell vacuolation and various cytotoxic effects (2, 14, 16) . VacA forms anion-selective channels in model and cell membranes (17) (18) (19) (20) . However, the in vivo relevance of these phenomena for H. pylori gastric infection and alteration is still undefined.
We investigated whether VacA cooperates with urease by increasing the diffusion of urea from the mucosal tissue to the stomach lumen. This hypothesis is partly based on previous studies suggesting that VacA's function in vivo is the selective permeabilization of the gastric epithelium to nutrients and other useful molecules, by altering cell-cell junctions (21, 22) and/or cell membranes (17, 20) . By using polarized and nonpolarized cells and model membranes, and by combining functional, pharmacological, and electrophysiological approaches, it is shown that VacA determines a rapid and selective increase of epithelial permeability to urea, through the generation of a passive and unsaturable transcellular pathway. Evidence is provided that formation of VacA pores in the cell plasma membrane is responsible for this increased urea permeability.
Methods

Reagents.
VacA from strain CCUG 17874 was purified as described previously (23) and was stored at 4°C in PBS (pH 7.4). VacA was activated by treatment at pH 2.0, 37°C for 3 minutes. AGS and MKN28 cells were a kind gift from V. Ricci (Institute of Human Physiology, University of Pavia, Pavia, Italy). Plastic-ware, culture media, and FCS were from Life Technologies (Milan, Italy C]Thiourea (53 mCi/mmol) was from NEN Life Science Products (Boston, Massachusetts, USA). The 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB), phloretin, parachloromercury-benzensulfonate (pCMBS), ouabain, 8Br-cAMP, 8Br-cGMP, collagenase A1, thiourea, and urea were from SigmaAldrich srl (Milan, Italy). Synthetic diphytanoyl-phosphatidylcholine (purity >99%) was from Avanti Polar Lipids (Alabaster, Alabama, USA). Urea solutions were made freshly before experiments.
Cell culture. Cells were grown on plastic at 37°C in a humidified 5% (vol/vol) CO 2 atmosphere in DMEM containing 10% (vol/vol) FCS and gentamycin. Trypsin-EDTA detached cells were seeded on polycarbonate filters or plastic wells at the density of 0.5 × 10 6 /cm 2 and further kept in culture medium as indicated above. Epithelial differentiation was obtained after culturing on filters for 14 days, whereas nondifferentiated cells were cultured on plastic for 2 days before experiments.
Measurement of transepithelial fluxes. Monolayers on filters were washed with fresh culture medium and treated with acid-activated or nonactivated VacA (15-125 nM) diluted in the same medium. Controls were treated in the same way with equivalent aliquots of PBS. After 0.25-27.0 hours of incubation, unbound toxin was washed out by rinsing with DMEM without phenol red, 0.023% BSA (wt/vol), 10 mM Na-HEPES (pH 7.4), and incubation was continued in the same medium at 37°C, in normal atmosphere, after placing radiolabeled tracers (45 µM solutes or 2 µCi/ml in the case of [ 3 H]water) in the basolateral chamber. After the desired time intervals, the apical medium was retrieved and replaced by prewarmed medium. Radioactivity was determined by liquid scintillation and flows expressed as pmol/hcm 2 of cell monolayer. Ion conductivity was measured at 37°C with a Millipore Corp. apparatus (Bedford, Massachusetts, USA). In some experiments, unlabeled urea and/or thiourea (100-400 mM), NPPB, pCMBS, or phloretin (50-500 µM) was included in both apical and basolateral chambers during the transepithelial diffusion assays, or during VacA intoxication, as specified.
Measurement of transmembrane fluxes. Cells in plastic wells were intoxicated, or not, with VacA as described above. In some cases, cells were washed twice with icecold PBS (pH 7.4), containing 0.023% (wt/vol) BSA (PBS-BSA) and further incubated with radiolabeled solutes (45 µM) in the same medium at 4°C for different time intervals (2.5-15 minutes). Radioactivity associated to cells was determined after three washings (washing time, ∼20 seconds) with PBS-BSA (4°C) and cell lysis in PBS-BSA plus 0.5% (wt/vol) SDS. Alternatively, after intoxication, cells were washed with culture medium and further incubated at 37°C in the same conditions for 1 hour in the presence of labeled tracers (45 µM). Cells were then rapidly washed and further incubated in PBS-BSA at 4°C. The radioactivity present in the extracellular medium was determined at various time points (2.5-15 minutes). In some experiments, AGS and HeLa cells were depleted of ATP (24): cells were pretreated at 37°C with 1 mg/ml NaN 3 for 30 minutes and for an additional 30 minutes with 1 mg/ml NaN 3 and 13 mM 2-deoxy-Dglucose in glucose-and pyruvate-free DMEM plus 10% (vol/vol) dialyzed FCS, and further incubated with VacA in the same conditions, before determining transmembrane urea fluxes.
In other experiments, control or VacA-intoxicated HeLa cells were pretreated with 1 mM 8Br-cAMP or 1 mM 8Br-cGMP or 0.250 mM ouabain for 30 minutes, and urea fluxes were then measured in the presence of the same agonists. Alternatively, during urea flux measurement, NaCl in the extracellular medium was replaced by isoosmotic mannitol (25) . Oocytes isolated from Xenopus laevis ovary were treated with 2 mg/ml collagenase A1 in OR-2 buffer for 2 hours at 25°C and then defolliculated manually. After an overnight recovery at 20°C, oocytes were treated or not with acid activated VacA at 24°C for 4 hours, and the uptake and release of 14 C-urea were determined as described (25) in Barth's buffer (88 mM NaCl, 1 mM KCl, 0.82 mM MgSO 4 , 0.33 mM Ca(NO 3 ) 2 , 0.41 mM CaCl 2 , 2.4 mM NaHCO 3 , 10 mM HEPES/Na [pH 7.4], 10 U/ml penicillin, and 10 µg/ml streptomycin) at 24°C. Phloretin (200 µM) was included in the urea flux experiments in some cases.
Cell vacuolation. Cells were seeded in 24-wells trays at the density of 10 3 /cm 2 2 days before experiments and then treated with 50 nM VacA preactivated at pH 2.0 in DMEM containing 5 mM NH 4 Cl and various concentrations of phloretin (0-480 µM) at 37°C. After 6 hours, cell vacuolation was quantified using the neutral red uptake assay as described previously (15) .
Measurement of VacA-induced ion current in planar lipid bilayers. Experiments were performed as described previously (17), with 0.5 M KCl, 0.5 mM CaCl 2 , 0.5 mM MgCl 2 , and 10 mM HEPES/K (pH 7.2) in both chambers. VacA (2-4 nM) activated at a low pH (2.0) was added to the cis compartment, and current was determined with or without addition to either the cis or the trans side of inhibitors (0-200 µM phloretin; 0-500 µM pCMBS; 0-400 mM thio-urea and urea). The current was carried mainly by Cl -, as VacA is anion selective (17) .
Results
VacA increases the transepithelial diffusion of urea. Polarized epithelia in vitro mimic the watertight epithelia present in the kidney, the bladder and, most relevant for the present study, the gastric mucosa (26) . Tightness is associated with the development of a differen- The medium bathing the basolateral side of MDCK II monolayers was supplemented with the indicated radioactive tracers (45 µM), and radioactivity in the apical chamber was measured as a function of time. Transepithelial diffusion of control-and 125 nM of VacA-treated monolayers and their difference are reported, expressed as pmol/hcm 2 ± SE (n = 3 or 4). tiated apical membrane, enriched in cholesterol and sphingolipids (27, 28) . Polarized MDCK I, MDCK II, and CaCo 2 monolayers were used to test the effect of VacA on the transepithelial diffusion of urea and other small neutral molecules. Their basal resistance to urea diffusion was compared with transepithelial electrical resistance, a parameter largely dependent on the tightness of cell-cell junctions (the paracellular pathway). Data show that the epithelial permeabilities to urea and to ions do not correlate ( Figure 1 , a and b), strongly suggesting that the epithelial barrier to urea in our model systems is mostly represented by cell membranes, i.e., the transcellular pathway, in agreement with other studies (26, 28) . After intoxication for 3 hours with low pH-activated VacA (125 nM), added to the apical compartment to mimic the in vivo conditions, urea diffusion increased in all tested epithelia (Figure 1, c, d , and e). The strongest effect (∼20-fold increment with respect to control epithelia) was recorded with MDCK I monolayers, whereas with MDCK II and CaCo2 cells, the effect was less pronounced (approximately two and three times the control value, respectively) but still significant. In absolute terms, the VacA effect with these two latter cell lines was 20-24% of that observed with MDCK I cells. Nonactivated VacA was much less effective in all cases.
Dose-response analysis of the effect of VacA on urea transepithelial flux and on the epithelial ion conductivity was performed with MDCK I and MDCK II epithelia after a 3-hour intoxication ( Figure 2, a and b) . In the former case, the VacA effect reached a maximal value at approximately 130 nM, and the half-maximal increase was obtained at approximately 40 nM. In the latter, a plateau was reached at approximately 60 nM, and the half-maximal concentration was approximately 20 nM. The epithelial ion conductivity of MDCK I monolayers increased by a factor of four with 125 nM VacA, in agreement with previous observations (21, 22) . However, at lower VacA doses (<16 nM), the increase of ion conductivity was negligible, whereas urea flux was already four times higher than in control. In agreement with our previous data (21), VacA did not alter the TER of CaCo2 (data not shown) and MDCK II monolayers. These data suggest that VacA increases the transepithelial diffusion of urea by activating a transcellular pathway, although some contribution of the paracellular pathway probably occurs with MDCK I cells at high VacA doses (see below).
Urea diffusion through MDCK II epithelia increased immediately after VacA addition and reached a maximum (threefold increase) after approximately 7-8 hours. Urea flow remained high for the following approximately 15 hours (Figure 2c) . Nonactivated VacA had a lower effect even after a long incubation time.
To test whether the urea transport system induced by VacA was saturable, the flow of [ 14 C]urea was measured with MDCK II monolayers in the presence of increasing concentrations of unlabeled urea (Figure 2d ). Urea diffusion increased almost linearly up to 400 mM, consistent with a passive unsaturable urea transport. Table 1 compares the effect of VacA on the transepithelial flow of urea and other small neutral molecules across MDCK II monolayers. The diffusion of thiourea was efficiently increased by VacA, whereas that of glycerol and mannitol was scarcely affected. As expected (21) mannitol diffusion was increased in MDCK I monolayers, but with a much lower efficacy (∼6% of urea flow) (data not shown). The transepithelial flow of 3 H-H 2 O was not modified (data not shown).
VacA increases the plasma membrane permeability to urea. The data described above suggest a VacA-elicited
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The and HeLa cells (data not shown) was not inhibited by the block of its endocytosis, after ATP depletion (24) . Neither the basal nor the VacA-induced urea fluxes could be modified by the presence of ouabain (0.25 mM) or of 8Br-cAMP (1 mM) and 8Br-cGMP (1 mM) (data not shown). Replacement of NaCl (150 mM) in the urea assay medium with 300 mM mannitol did not affect VacA-induced urea fluxes (data not shown).
VacA-induced increase of transepithelial and transmembrane urea diffusion is due to the VacA pore. Anion-channel and urea transporter blockers were used to investigate the mechanism of VacA-induced urea permeation. NPPB, a blocker of the VacA pore (20, 29) , inhibited toxininduced transepithelial flux of urea in MDCK II cell monolayers to a maximal extent of about 55% of controls, with a half-maximal concentration of about 50 µM (Figure 5a) . Similarly, NPPB partially inhibited the plasma membrane permeabilization to urea induced by VacA in nonpolarized AGS cells (Figure 5b ). Phloretin, a blocker of eukaryotic urea transporters (30), efficiently inhibited the increase of both transepithelial and transmembrane urea diffusion induced by VacA ( Figure 5, a and b) . The transmembrane urea flux of isolated oocytes from Xenopus laevis, intrinsically devoid of specific urea transport (31), was also increased (35 ± 4%; n = 3) by VacA (700 nM for 4 hours at 24°C), and this effect was phloretin sensitive (data not shown).
Phloretin inhibited cell vacuolation of nonpolarized cells treated with VacA in the presence of ammonium ions (Figure 6a ). The pH of acidic compartments in untreated cells was not altered by phloretin, as judged from the basal uptake of neutral red (data not shown). This compound also prevented the VacA-induced increase of ion conductivity of MDCK I cell monolayers (Figure 6b ). In this epithelial system, urea flux was also inhibited by phloretin, with characteristics depending on the intoxication protocol (Figure 6c ). If phloretin was coincubated with VacA and then washed out, or if it was added after intoxication, during the assay for urea transepithelial flux, a partial inhibition was observed. On the other hand, if it was maintained during both the intoxication and assay steps, a strong inhibition was observed, roughly corresponding to the sum of the effects elicited by the other protocols. This VacA-induced transcellular urea diffusion pathway and alteration of the paracellular pathway. These data strongly suggest that phloretin directly interacts with the toxin. To test this possibility, its effect on the VacA anion channel was assessed in planar lipid bilayer experiments. Figure 7a shows that phloretin inhibited the VacA-induced ion current, with an IC 50 of approximately 15 µM. Thiourea (Figure 7b ) and pCMBS (data not shown), two other molecules known to affect passive urea transporters (32) (33) (34) , were also tested. Thiourea (400 mM) determined a 30% (trans) or a 45% (cis) inhibition of ion conduction by VacA channels in planar lipid bilayers, depending on the side of addition. Urea (400 mM) produced a weaker 5% inhibition. Consistently, 400 mM thiourea inhibited VacAinduced [ 14 C]urea diffusion across MDCK II monolayers by 70%, whereas 400 mM urea was ineffective. pCMBS (up to 250 µM) had no effect in either assay. tion of the stomach (17), a clear link between the toxin biologic effects in vitro and its role in vivo is missing. The data presented here suggest that, in vivo, VacA action consists of enhancing the diffusion of urea from the under-mucosal tissue toward the stomach lumen. In fact, the epithelial barrier to urea diffusion is selectively decreased by VacA through the generation of a passive, unsaturable transport system. This action is not related to a decrease of the resistance of the paracellular pathway and is observed not only in high-resistance epithelia, such as MDCK I monolayers, but also in low-resistance ones, such as CaCo2 and MDCK II monolayers. These data indirectly suggest that, upon VacA intoxication, transcellular urea flow is increased. Experiments conducted with nonpolarized cells indeed indicate that VacA permeabilizes the cell plasma membrane to urea with negligible nonspecific membrane lesion, as the diffusion of other neutral molecules, such as is much less affected.
Discussion
The rapid onset of the effect, not compatible with the endocytic rate of the toxin (24) , and the lack of inhibition by block of endocytosis, indicate that VacA acts directly on the plasma membrane.
Although we cannot exclude that in polarized epithelial cells the basolateral membrane is also permeabilized by VacA, any such effect is likely to be irrelevant. This is because it is the apical membrane domain that poses the highest resistance to the flow of small nonelectrolytes (26, 35) , owing to its external emi-leaflet particularly enriched in cholesterol, sphingomyelin, and glycosphingolipids (26-28, 35, 36) . In MDCK cells, it has been estimated that the intrinsic resistance to urea of the apical emi-leaflet is about 50 times higher than that of the cytosolic emi-leaflet and much higher than that of the basolateral membrane (28) . This implies that permeabilization of this lipid layer by VacA is necessary and sufficient to enhance urea flow through the entire epithelium.
In theory, VacA might permeabilize the plasma membrane to urea by activating an endogenous, urea transporter. Alternatively, given that low-pH activated VacA inserts into the lipid bilayer to form a transmembrane pore (17, 18, 20) , VacA itself may act as a passive urea transporter. In fact, the pharmacology of the VacAinduced effect, that is, the sensitivity to phloretin and the insensitivity to PCMBS, is compatible with both possibilities (30) . The data presented in this work support this second view. In fact, inhibition of the VacA channel by NPPB (20, 29) substantially reduces also the urea transepithelial and transmembrane permeability increases determined by the toxin. Phloretin, a blocker of urea transporters, strongly reduces both urea diffusion and ion conduction due to the toxin, with comparable dose responses. As indicated by the lack of inhibitory effect of ouabain and of the absence of extracellular ions on VacA-dependent urea fluxes, there is no coupling between ion and urea transport, thus ruling out the indirect activation of an ion-coupled urea transporter by VacA. A further indication that VacAinduced urea flow is not coupled to Na + comes from the similarity of influx and efflux kinetics in cellular systems (Figure 3) , despite the presence of a Na + electrochemical gradient. As in the case of Xenopus oocytes, in which urea transporters are often expressed and characterized, no evidence of cAMP-activatable urea transporters was found in HeLa (see Results) or in MDCK cells (28) . The VacAinduced urea flux was not modulated by cAMP either. Experiments on oocytes, believed to lack specific urea transporters, show that VacA induces a phloretin-sensitive increase of urea transmembrane flux also in this system, strengthening the notion that it acts as an autonomous transporter. In addition, the indirect activation of an aquaporin able to conduct also urea seems unlikely. The only mammalian aquaporin known not to be inhibited by thiol reagents is AQP-4, which does not conduct urea (37) . In our model epithelial system, the transepithelial flow of water was not detectably increased by VacA intoxication.
In agreement with current ideas on VacA action (1), phloretin also interferes with VacA-induced cell vacuolation and TER decrease in MDCK I monolayers. Thiourea is conducted by the VacA-induced transport system and, at high concentrations, interferes with urea flow, suggesting that the two molecules enter the same pathway. Similarly, thiourea and, to minor extent, urea reduce ion conduction by VacA, indicating that these molecules engage the lumen of the VacA anion channel, interfering with ion flow.
A question that needs to be addressed is whether urea is limiting for H. pylori in the gastric environment. Although the stomach contains 1-to 3-mM urea, time-and space-dependent fluctuations of urea concentration may occur, as suggested by positive chemotaxis toward urea by H. pylori (11, 12) . Moreover, urease activity itself is expected to determine a local urea shortage, especially in case of acid stress (pH < 6.5) (9) . Although an accurate analysis of the system is impossible at present, the surface density of H. pylori cells in mouse models (10 5 -10 6 CFU/stomach; ref. 13 ) and the measured rate of urea consumption by maximally activated urease (0.38-0.6 µmol/min 10 8 CFU; ref. 6) are compatible with a decrease of urea concentration within the thin mucous layer (< 50 µm) where bacterial cells reside. Under conditions of local urea depletion, the diffusion rate through the gastric barrier would be expected to be limiting, as our data show that basal urea equilibration through polarized cells takes hours. Hence, it is possible that the establishment of a high density of infecting cells is favored by an increased urea diffusion through the gastric mucosa.
These observations and considerations support the novel hypothesis that VacA, by increasing urea diffusion into the stomach, is part of an adaptation system, also comprising the urea transporter UreI and urease, aimed at enabling H. pylori to survive in the stomach. The evolution of pore-forming toxins as permeases selective for crucial substrates, capable of inserting in the membrane of host cells with no acute cytotoxicity, may be a relevant strategy also of other human pathogens associated to mucosal epithelia.
Gastric mucosa permeabilization may have other implications. Besides urea, the VacA transport system also conducts electrolytes and possibly other neutral solutes. As suggested by the loss of gastric integrity induced by barrier-breaking agents (ethanol, aspirin, detergents, phospholipases), this might predispose to tissue damage, given that the gastric epithelial barrier preserves the entire mucosa from the potentially deleterious effects of ingested food of extremely variable chemical composition and osmolarity (35) . In conclusion, apical membrane permeabilization by VacA may favor H. pylori-associated diseases both by promotion of bacterial infection and by impairment of the capability of gastric cells to regulate their cytosolic milieu upon environmental variations.
